-  DllC  FILE  CUP.Y 


AD-A230  326 


NICOTINIC  CHOLINERGIC  RECEPTORS  IN  RAT  BRAIN 


Annual  Report  Number  1 


Kenneth  J.  Kellar 


June  2,  1984 


Supported  By 


DTIC 

SELECTED 
DEC  2  6  19901  1 

B  ^ 

6 


U.S.  Army  Medical  Research  And  Development  Command 
Fort  Detrick,  Frederick,  Maryland  21701-5012 
Contract  Number:  DAMD-17-83-C-3113 


Georgetown  University  School  of  Medicine 
3900  Reservoir  Road,  N.W. 
Washington,  D.  C.  20007 


Approved  For  Public  Release;  Distribution  Unlimited 


The  findings  in  this  report  are  not  to  be  construed  as  an  official  Department  of  the  Army  position 
unless  so  designated  by  other  authorized  documents. 


90  /&-  <52/  02. 


Banana; 


LASSIFICATION  of  THIS  page 


REPORT  DOCUMENTATION  PAGE 


lb  RESTRICTIVE  MARKINGS 


Form  Approved 
OMB  No.  0704-01 88 


la.  REPORT  SECURITY  CLASSIFICATION 
Unclassified 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  DECLASSIFICATION /DOWNGRADING  SCHEDULE 


4  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 


3  DISTRIBUTION /AVAILABILITY  OF  REPORT 

Approved  for  public  release;  distribution 
unlimited 


5  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

Georgetown  Univ.  Med.  School 


6b  OFFICE  SYMBOL 
(If  applicable) 


7a.  NAME  OF  MONITORING  ORGANIZATION 


6c.  ADDRESS  (City,  State,  and  ZIP  Code) 

3900  Reservoir  Road,  N'.W. 
Washington,  DC  20007-2195 


7b.  ADDRESS  (City,  State,  and  ZIP  Code) 


8a.  NAME  OF  FUNDING /SPONSORING  8b  OFFICE  SYMBOL 

ORGANIZATION  U.S.  Army  Medical  (If  applicable) 

Research  &  Development  Command 


8c.  ADDRESS  (City,  State,  and  ZIP  Code) 

Fort  Detrick 

Frederick,  Maryland  21701-5012 


9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

DAMD17-83-C-31 13 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO. 

61102A 


PROJECT 

TASK 

NO.  3M1- 

NO 

61 102BS1 1 

EE 

WORK  UNIT 


1 1 .  TITLE  (Include  Security  Classification) 

(!')  Nicotinic  Cholinergic  Receptors  in  Rat  Brain 


12.  PERSONAL  AUTHOR(S) 

Kenneth  J.  Kellar,  Ph.D. 


13a.  TYPE  OF  REPORT 

Annual  Report 


13b.  TIME  COVERED 


FROM  83/5/1  to  84  / 4 / 30|  84/6/2 


14  DATE  OF  REPORT  (Year,  Month,  Day)  115  PAGE  COUNT 


COSATI  CODES 


FIELD 

GROUP 

06 

01 

06 

15 

UBJECT  TERMSMCowtKW-ow  -reverse  if  necessary  and  identify  by  block  number). 

Nfcotine  receptor  regulation;  brain;  disulfide  bonds; 
diisopropyl  f luorphosphate ;  nicotine*  -RAfr 


19.,  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

*'We  have  examined  the  molecular  bond  requirements  of  [ 3h ] acetylcholine  ([-JH]ACh)  nicotinic 
binding  sites  in  rat  brain.  Reduction  of  disulfide  bonds  in  vitro  with  the  reducing  agent 
dithiothreitol  (DTT)  resulted  in  a  decrease  in  the  number  of  [3H]ACh  binding  sites  that 
could  be  measured,  but  the  affinity  of  the  remaining  sites  was  unaltered.  The  effect  of 
DTT  was  concentration-dependent,  and  it  was  reversed  by  reoxidation  of  the  reduced  disul¬ 
fide  bonds  with  5 , 5-dithiobis-2-nitrobenzoic  acid.  The  reversibility  of  the  DTT  effect 
was  prevented  by  p-chloromercuribenzoic  acid,  which  forms  thiol  complexes  with  exposed 
sulfhydryl  groups.  The  data  indicate  that  disulfide  bonds  at  or  near  the  [3p]ACh  recogni¬ 
tion  site  are  critical  for  binding  of  acetylcholine.  ' 

We  have  also  studied  the  in  vivo  regulation  of  nicotinic  [3H]ACh  recognition  sites  in 
brain.  Repeated  injections  of  nicotine  for  5-21  days  increase  the  number  of  [JH]ACh 
recognition  sites  in  cerebral  cortex,  striatum,  thalamus,  and  hypothalamus.  Conversely, 
chronic  inhibition  of  cholinesterase  enzymes  with  diisopropyl  f luorophosphate  (,DFP/ 


20  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT 
SI  UNCLASSIFIED/UNLIMITED  □  SAME  AS  RPT 


22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Mary  Frances  Bostian 


DO  Form  1473,  JUN  86  i 


21  ABSTRACT  SECURITY  CLASSIFICATION 
□  DTiC  USERS  Unclassified 


22b  TELEPHONE  (Include  Area  Code)  22c.  OFFICE  SYMBOL 

301/663-7325  SGRD-RMI-S 


Previous  editions  are  obsolete 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


19.  (Abstract  continued) 


decrease  the  number  of  [3H]ACh  recognition  sites.  The  data  indicate  that  [3H]ACh  recognition 
sites  are  subject  to  up  and  down  regulation.  The  down-regulation  of  [3H]ACh  sites  following 
chronic  cholinesterase  inhibition  indicates  that  the  sites  are  responsive  to  synaptic  concentrations 
of  acetylcholine.  The  up-regulation  of  sites  following  repeated  nicotine  administration  suggests 
that  nicotine  induces  a  state  of  prolonged  desensitization  at  the  recognition  site. 


Foreword 


In  conducting  research  using  animals,  the  investigator(s)  adhered  to  the  "Guide  for  the 
Care  and  Use  of  Laboratory  Animals,"  prepared  by  the  Committee  on  Care  and  Use  of 
Laboratory  Animals  of  the  Institute  of  Laboratory  Animal  Resources,  Commission  on  Life 
Sciences,  National  Research  Council  (DHHS,  PHS,  NIH  Publication  No.  86-23,  Revised  1985). 


1 


TABLE  OF  CONTENTS 


Page 

Foreword  1 

Disulfide  bond  requirement  of  [3H]ACh  recognition  sites  in  brai  4 

In  vivo  regulation  of  [3H]ACh  recognition  sites  in  brain  7 

Effects  of  cholinesterase  inhibition  7 

Effects  of  chronic  treatment  with  agonists  and  antagonists  8 

Measurement  of  [3H]ACh  Sites  Recognition  Sites  in  Brain  by  autoradiography  10 

Tables  and  Figures 

Table  1.  Effects  of  disulfide  bond  and  sulfhydryl  reagents  on 

[3H]acetylcholine  binding  in  cerebral  cortex.  12 

Table  2.  Effect  of  dithiothreitol  pretreatment  on  agonist  and 

antagonist  competition  for  [3H]acetylcholine  binding  sites 

in  the  cerebral  cortex.  12 

Table  3.  Effect  of  nicotinic  cholinergic  agonist  pretreatment  on  the 
reduction  of  disulfide  bonds  by  dithiothreitol  in  rat 

cerebral  cortex.  12 

Table  4.  Effects  of  repeated  DFP  administration  on  [3H]ACh  binding  to 

nicotinic  sites  in  several  areas  of  rat  brain.  13 

Table  5.  Effect  of  repeated  nicotine  administration  on  [3H]ACh  binding 
to  nicotinic  sites  and  [3H]QNB  binding  to  muscarinic  sites  in 
several  areas  of  rat  brain.  13 

Table  6.  Effect  of  repeated  nicotine  administration  on  density  and 

affinity  (Kj)  of  [3H]ACh  binding  sites  in  three  areas  of  rat  brain.  14 

Table  7.  Effects  of  repeated  administration  of  nicotinic  agonists 
and  antagonists  and  a  metabolite  of  nicotine  on  [3H]ACh 
binding  in  the  cerebral  cortex.  14 


2 


Figure  1.  Scatchard  analysis  of  [3H]ACh  binding  in 

dithiothreitol-treated  rat  cerebral  cortex.  15 

Figure  2.  Scatchard  Plots  of  [3H]ACh  binding  in  cerebral  cortex 

from  rats  administered  DFP  for  10  days.  16 

Figure  3.  Time  course  of  the  effects  of  repeated  nicotine  administration 

on  [3H]ACh  binding  in  rat  cerebral  cortex.  17 

Literature  Cited  18 

Distribution  List  20 


3 


During  the  last  year,  we  have  conducted  studies  to  determine: 

(1)  Whether  [3H]acetylcholine  ([3H]ACh)  binding  sites  in  rat  brain,  which  we  hypothesized 
are  recognition  sites  on  nicotinic  cholinergic  receptors,  require  disulfide  bonds. 

(2)  Whether  [3H]ACh  binding  sites  in  brain  are  affected  by  repeated  administration  of 
nicotine  or  chronic  cholinesterase  inhibition. 

(3)  Whether  [3H]ACh  can  be  used  to  map  the  brain  distribution  of  nicotinic  cholinergic 
recognition  sites  using  autoradiographic  methods. 

This  report  describes  the  results  of  those  studies. 

1.  Disulfide  bond  requirement  of  f3H!ACh  recognition  sites  in  brain.  In  electroplax  and  in 
skeletal  muscle,  modifications  of  disulfide  bonds  decrease  the  potency  of  agonists  at  nicotinic 
cholinergic  receptors  (1-3).  Modification  of  disulfide  bonds  has  also  been  reported  to 
decrease  transmission  in  frog  sympathetic  ganglia  (4);  and  Karlin  (5)  has  concluded  that  a 
reducible  disulfide  bond  at  or  near  acetylcholine  recognition  sites  may  be  a  common  feature 
of  nicotinic  cholinergic  receptors  in  a  variety  of  peripheral  tissues.  We  have  used  [3H]ACh 
to  label  high  affinity  nicotinic  cholinergic  recognition  sites  in  rat  brain  and  to  determine 
whether  binding  of  the  agonist  is  affected  by  modification  of  disulfide  bonds. 

Cerebral  cortex  from  male  Sprague-Dawley  rats  (250-300  g;  3  months  of  age)  was 
homogenized  in  50  mM  Tris-HCl  buffer  (pH  8.5)  containing  120  mM  NaCl,  5  mM  KC1,  2 
mM  CaCl2,  1  mM  MgCl2,  and  1.5  uM  atropine  sulfate.  The  homogenates  were  washed 
once  by  centrifugation  and  then  preincubated  in  dithiothreitol  (DTT)  to  reduce  disulfide 
bonds,  with  p-chloromercuribenzoic  acid  (PCMB)  to  form  stable  thiol  complexes  with 
sulfhydryl  groups,  or  with  5,5’-dithiobis-2-nitrobenzoic  acid  (DTNB)  to  reoxidize  sulfhydryl 
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groups.  In  each  case  the  tissues  were  preincubated  with  the  modifying  agent  for  30  min  at 
0°C.  Eacii  preincubation  with  modifying  agent  was  terminated  by  dilution  with  cold  buffer, 
centrifugation  at  48,000  g,  and  resuspension  in  fresh  buffer  with  or  without  another 
modifying  agent.  Finally,  the  tissue  was  washed  twice  by  centrifugation  in  fresh  buffer 
containing  no  modifying  agents  and  then  used  for  measurement  of  [3H]ACh  binding  sites  as 
previously  described  (6).  In  all  cases,  control  homogenates  were  carried  through  the  same 
number  of  preincubation  and  washing  steps.  Differences  between  groups  were  analyzed 
statistically  by  Student’s  t-test  or  Duncan’s  new  multiple  range  test  (7). 

Preincubation  of  rat  cerebral  cortex  with  DTT  decreased  specific  binding  of  [3H]ACh. 
The  IC50  of  DTT  for  decreasing  binding  was  approximately  500  uM.  Analyses  of  saturation 
binding  experiments  by  Scatchard  plots  indicated  that  the  decreased  binding  was  due  to  an 
apparent  decrease  in  the  number  (B^J  of  [3H]ACh  recognition  sites  and  that  the  affinity  (Kd) 
of  the  remaining  sites  was  unaltered.  An  example  of  this  decrease  in  [3H]ACh  binding  sites 
with  increasing  concentrations  of  DTT  is  shown  in  Figure  1 . 

The  most  prominent  effect  of  DTT  is  reduction  of  disulfide  bonds  to  sulfhydryl 
groups.  If  the  presence  of  disulfide  bonds  is  critical  to  binding  of  [3H]ACh,  then  reoxidation 
of  sulfyhdryl  groups  should  restore  binding.  Preincubation  of  the  tissues  with  the  oxidizing 
agent  DTNB  alone  had  no  effect  on  [3H]ACh  binding  (Table  1).  However,  the  decrease  in 
binding  by  preincubation  with  DTT  could  be  reversed  by  a  second  preincubation  with  1  mM 
DTNB  (Table  1).  This  effect  was  due  to  restoration  of  the  number  of  binding  sites. 
However,  if  the  sulfydryl  groups  were  reacted  with  PCMB  to  form  stable  thiol  complexes 
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before  preincubation  with  DTNB,  the  restoration  of  binding  sites  by  DTNB  was  at  least 
partially  prevented  (Table  1). 

Scatchard  analyses  indicated  that  the  apparent  affinity  of  nicotinic  cholinergic 
recognition  sites  for  [3H]ACh  was  not  affected  by  reduction  of  disulfide  bonds  with  DTT 
(Fig.  1).  The  effects  of  disulfide  bond  reduction  on  other  agonist  and  antagonist  affinities 
were  also  studied  by  comparing  competition  curves  in  control  and  DTT- treated  membranes. 
The  affinities  of  neither  the  agonist  cytisine  nor  the  antagonists  d-tubocurare,  hexamethonium, 
and  dihydro-8-  erythroidine  were  significantly  altered  by  DTT  (Table  2). 

To  determine  whether  agonist  occupation  of  the  [3H]ACh  recognition  sites  could 
protect  the  disulfide  bond  from  cleavage  by  DTT,  preincubation  with  DTT  was  carried  out  in 
the  presence  of  agonists.  The  presence  of  100  uM  ACh  or  (-)nicotine  before  and  during  the 
preincubation  with  DTT  failed  to  prevent  the  reduction  of  [3H]ACh  binding  (Table  3). 

The  results  of  these  studies  indicate  that  high  affinity  nicotinic  cholinergic  recognition 
sites  in  mammalian  oram  share  with  peripheral  nicotinic  cholinergic  receptors  the  property  of 
dependence  on  intact  disulfide  bonds.  The  inability  of  agonists  to  prevent  the  decrease  in 
binding  by  DTT  suggests  that  the  critical  disulfide  bond(s)  is  not  directly  at  the  recognition 
site,  but  is  close  enough  that  when  reduced  to  sulfhydryl  groups  it  renders  the  site  incapable 
of  binding  [3H]ACh.  It  is  possible  that  breaking  the  disulfide  bond  causes  a  conformational 
change  in  the  receptor  so  that  agonists  are  no  longer  recognized.  The  modification  of  these 
[3H]ACh  binding  sites  by  alternation  of  disulfide  bonds  and  sulfhydryl  groups  should  be  a 
useful  tool  for  determining  the  function  of  the  brain  [3H]ACh  recognition  sites. 
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2.  In  vivo  regulation  of  f3HlA€h  recognition  sites  bv  nicotine  and  cholinesterase  inhibition. 
An  important  characteristic  of  most  neurotransmitter  receptors  is  that  they  are  capable  of 
undergoing  increases  and  decreases  in  number  (density)  in  response  to  in  vivo  treatments  that 
decrease  and  increase  their  stimulation,  respectively.  This  up-and-down-regulation  appears  to 
be  an  important  mechanism  for  regulation  of  neurotransmission  signals,  and  it  is  one 
indication  that  a  binding  site  is  part  of  a  functionally  important  receptor. 

Effects  of  cholinesterase  inhibition.  To  examine  the  in  vivo  regulation  of  [3H)ACh 
nicotinic  recognition  sites  in  brain,  the  effects  of  chronic  cholinesterase  inhibition  by 
diisopropylfluorophosphate  (DFP)  and  the  effects  of  repeated  administration  of  nicotinic 
agonists  on  [3H]ACh  recognition  sites  were  measured.  Rats  were  injected  subcutaneously 
once  daily  for  10  days  with  DFP  (1  mg/kg  on  day  1,  and  0.2-0. 4  mg/kg  on  days  2-10). 
Control  rats  received  injections  of  water  on  the  same  schedule.  The  rats  were  killed  by 
decapitation  24  hr  after  the  last  injection.  Nicotine  (1  mg/kg  =  6  umol/kg),  cytisine  (6 
umol/kg),  or  cotinine  (6  umol/kg)  was  injected  subcutaneously  twice  daily  for  1-21  days. 
Control  rats  received  injections  of  water.  The  rats  were  usually  killed  18  hr  after  the  last 
injection,  but  some  rats  were  killed  1  hr  after  a  single  injection  of  nicotine,  and  some  rats 
were  killed  7  days  after  a  10-day  treatment  with  nicotine.  In  some  experiments,  the  effects 
of  the  nicotinic  antagonists  mecamylamine  and  dihydro-B-erythroidine  alone  or  preceding  the 
nicotine  injections  were  examined. 

Nicotinic  cholinergic  receptor  recognition  sites  in  cerebral  cortex,  thalamus,  striatum, 
and  hypothalamus  were  assayed  using  [3H]ACh  as  previously  described  (6).  Cholinesterase 
enzyme  activity  was  measured  according  to  the  method  of  Ell  man  et  al.  (8).  Differences 
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between  or  among  groups  were  compared  statistically  by  Student’s  t-test  or  by  Duncan’s  new 
multiple  range  test  when  more  than  two  groups  were  compared. 

Cholinesterase  enzyme  activity  in  brain  was  inhibited  by  82  ±  2  percent  24  hr  after 
the  last  of  the  10-day  treatments  with  DFP.  [3H]ACh  binding  in  cortex,  thalamus,  striatum 
and  hypothalamus  was  decreased  by  20-38  percent  by  treatment  with  DFP  (Table  4).  The 
decrease  in  binding  was  due  to  a  reduction  in  the  number  of  [3H]ACh  recognition  sites,  while 
the  affinity  of  the  sites  was  unchanged  (Fig.  2). 

This  decrease  in  [3H]ACh  recognition  sites  following  chronic  cholinesterase  inhibition 
appears  to  be  an  in  vivo  adaptive  response  to  the  increased  synaptic  levels  of  acetylcholine. 
This  indicates  that  [3H]ACh  recognition  sites  are  responsive  to  synaptic  concentrations  of 
acetylcholine  in  vivo ,  and  it  suggests  that  they  are  innervated  by  cholinergic  axons.  In 
addition,  it  indicates  that  the  regulation  of  these  [3H]ACh  recognition  sites  is  similar  to  that 
of  other  neurotransmitter  and  hormone  receptors  that  down-regulate  in  response  to  augmented 
stimulation. 

Effects  of  chronic  treatment  with  nicotinic  agonists  and  antagonists.  In  contrast  to 
cholinesterase  inhibition,  10  days  of  nicotine  treatment  increased  [3H]ACh  binding  in  cortex, 
thalamus,  striatum,  and  hypothalamus  (Table  5).  Scatchard  analyses  indicated  that  the 
increase  in  binding  was  due  to  an  increase  in  the  number  of  [3H]ACh  recognition  sites 
(Table  6).  Muscarinic  receptors  labeled  with  [3H]QNB  were  unaffected  by  nicotine  treatment 
(Table  5). 

The  time  course  of  the  nicotine-induced  increase  in  nicotinic  cholinergic  binding  was 
examined  in  the  cerebral  cortex  after  either  a  single  injection  or  two  injections  each  day  for 
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1-21  days  (Fig.  3).  There  was  no  change  in  binding  either  1  hr  after  a  single  injection  or  18 
hrs  after  1  day  of  treatment.  Following  5  days  of  treatment,  however,  [3H]ACh  binding  was 
increased  by  20  percent,  and  after  10  days  of  treatment  the  binding  was  increased  by  28-30 
percent.  This  increase  was  maintained  following  21  days  of  treatment.  The  increased 
binding  induced  by  nicotine  treatment  appears  to  be  reversible.  Thus,  when  rats  were  killed 
7  days  after  a  10-day  treatment  period,  the  [3H]ACh  binding  was  still  significantly  increased 
compared  to  binding  in  brains  from  control  rats,  but  it  appeared  to  be  returning  to  control 
values  and  was  significantly  lower  than  binding  in  brains  from  rats  killed  18  hrs  afier  the  last 
treatment  (Fig.  3). 

To  determine  whether  the  increase  in  [3H]ACh  recognition  sites  after  treatment  with 
nicotine  was  due  to  activation  of  the  receptor  or  simply  to  occupancy,  rats  were  treated  for 
10-14  days  with  either  the  nicotinic  agonist  cytisine,  the  nicotine  metabolite  cotinine,  or  the 
antagonists  mecamylamine  or  dihydro-B-erythroidine.  In  each  case,  the  effects  of  the 
treatment  were  compared  to  those  of  nicotine  treatment.  The  treatment  with  cotinine  did  not 
effect  binding  (Table  7A),  out  treatment  with  cytisine  increased  binding  to  nearly  the  same 
extent  as  nicotine  treatment  (Table  7A).  Neither  of  the  antagonists  altered  binding 
significantly  (Table  7,  B-D).  It  was  also  important  to  examine  whether  the  antagonists  could 
prevent  the  increase  in  [3H]ACh  binding  sites  induced  by  nicotine.  Therefore,  rats  were 
pretreated  with  mecamylamine  or  dihydro-B-erythroidine  20  min  before  each  injection  of 
nicotine  for  10  days.  Neither  antagonist  prevented  the  increase  in  [3H]ACh  binding  induced 
by  nicotine  (Table  7,  B  and  C) 
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The  mechanism  of  the  nicotine-induced  increase  in  [3H]ACh  nicotinic  recognition  sites 
in  brain  is  of  particular  interest  and  importance.  The  effect  appears  to  be  selective  because 
muscarinic  receptors  are  not  affected  by  nicotine  treatment.  In  addition,  the  effect  appears  to 
be  specific  to  nicotinic  agonists  because  administration  of  cytisine,  a  ganglionic  agonist, 
produces  a  similar  effect,  but  administration  of  neither  cotinine  nor  either  of  two  antagonists 
altered  the  binding  of  [3H]ACh.  Further,  pretreatment  with  the  antagonists  did  not  block  the 
increase  induced  by  nicotine.  Thus,  the  data  suggest  that  the  critical  site  on  the  receptor  from 
which  the  signal  for  up-regulation  is  triggered  is  distinct  from  the  site  where  antagonists  bind. 
This  critical  site  could  be  the  agonist  recognition  site  itself. 

Nicotine  is  classically  defined  as  an  agonist  at  cholinergic  receptors  in  muscle  and 
ganglia  (9),  and  it  appears  to  be  an  agonist  in  brain  also  (10,11).  However,  following 
exposure  to  nicotine  there  is  a  rapid  decrease  in  cholinergic  receptor  responsivity  in  muscle 
and  ganglia  due  to  depolarization  blockade  (12,13).  Following  adequate  doses  of  nicotine, 
diminished  receptor  responsivity  persists  beyond  the  depolarization  phase  (14),  reflecting 
prolonged  desensitization  of  the  receptor.  Therefore,  it  is  possible  that  repeated 
administration  of  nicotine  results  in  a  protracted  functional  blockade  of  the  receptor,  and  this 
could  signal  up-regulation  by  the  cell. 

3.  Measurement  of  f3H!ACh  recognition  sites  in  brain  bv  autoradiography.  We  have  used 
quantitative  autoradiography  to  begin  to  map  the  distribution  of  [3H]AO  recognition  sites  in 
brain.  In  this  procedure,  32  um  frozen  sections  of  rat  brain  were  cut  with  a  cryostat, 
mounted  onto  slides,  preincubated  for  two  10-min  periods,  and  then  incubated  with  [3H]ACh 
under  conditions  similar  to  those  that  we  use  for  homogenate  binding.  After  incubation  each 
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slide  was  washed  twice  for  5  min  in  cold  buffer,  rinsed  in  distilled  water  to  remove  buffer 
salts,  dried  on  a  slide  warmer,  and  then  juxtaposed  to  LKB  Ultrofilm  in  x-ray  cassettes. 
After  exposure  for  6-8  weeks,  the  films  were  developed  and  fixed  in  Kodak  D-19.  Optical 
densities  of  the  brain  regions  on  the  films  were  measured  with  a  microcomputer-assisted 
densitometer  and  compared  with  standards  made  from  frozen  brain  homogenate  to  which 
known  amounts  of  [3H]  were  added. 

The  results  of  our  initial  autoradiographic  studies  confirm  data  from  our  homogenate 
binding  studies.  Thus,  high  binding  was  observed  by  autoradiography  in  the  thalamus,  and 
moderate  levels  of  binding  were  observed  in  the  cerebral  cortex,  striatum,  and  hippocampus. 
However,  autoradiography  has  allowed  quantitation  of  [3H]ACh  recognition  sites  in  specific 
nuclei  of  the  thalamus  and  specific  layers  of  the  cortex  and  the  hippocampus.  In  addition, 
binding  in  very  small  areas  of  brain,  in  which  studies  of  homogenate  binding  are  not 
practical,  is  easily  visualized  and  quantitated  by  autoradiography.  For  example,  the  medial 
habenula,  which  is  too  small  for  routine  studies  of  homogenate  binding,  appears  to  contain 
the  highest  density  of  [3H]ACh  recognition  sites  in  rat  brain. 

Autoradiography  should  contribute  significantly  to  our  knowledge  of  the  distribution 
of  the  [3H]ACh  nicotinic  recognition  sites  in  brain,  and  to  the  effects  of  drugs  such  as 
nicotine  and  the  cholinesterase  inhibitors  DFP  and  soman  on  those  sites. 
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Table  1 

Effects  of  disulfide  bond  and  sulfhydryl  reagents  on  f1  Hj— 
acetylcholine  binding  in  cerebral  cortex  f' 

Cortical  homogenates  were  incubated  with  1  mM  dithiothreitol 
DTNB,  or  PCMB  for  30  min  at  0°  (pH  8.5)  and  either  washed  for 
subsequent  treatment  with  another  reagent  or  prepared  for  (3HJacetyl- 
choline  binding  (10  nM)  as  described  in  the  teat.  Control  binding  -2.11 
±  0.08  pmoles/g  of  tissue.  Data  are  expressed  as  the  mean  ±  standard 
error  of  the  mean  of  four  experiments. 


Pretreatment 

%  of  control 

Control 

100  ±  3.8 

A 

1  mM  dithiothreitol 

24.4  ±  8.0- 

B 

1  mm  DTNB 

90.0  ±  8.0 

0 

I  mM  dithiothreitol  followed  by  1  mM  DTNTB 

90.6  X  4.1 

D 

I  mM  PCMB 

107.6  ±3.7 

E 

1  mM  dithiothreitol  followed  by  1  mM  PCMB 

33.7  ±  1.2” 

F 

1  mM  dithiothreitol  followed  by  1  mM  PCMB 
followed  by  1  mM  DTNB 

71.4  ±  5.7” 

>  <  0  01  compared  with  control. 

'  P  <  °  °1  compared  with  control  and  with  Treatments  C  and  E. 


Table  2 

Effect  of  dithiothreitol  pretreatment  on  agonist  and  antagonist 
competition  for  (  H /acetylcholine  binding  sites  in  cerebral  cortex 
Cortical  homogenates  were  incubated  with  300  pM  dithiothreitol  for 
30  mm  at  03  (pH  8.5).  The  reaction  was  terminated  by  dilution  with 
cold  buffer.  The  washed  homogenates  were  washed  and  subsequently 
incubated  with  10  nM  [JH]acetylcholine  and  several  concentrations  of 
competing  drugs  for  40  min  at  0°  as  described  m  the  text.  The  concen¬ 
tration  of  drug  which  decreased  specific  binding  of  [’H]acetylcholine 
by  50fr  (IC-,,1  was  determined  graphically  by  inspection.  Each  value  is 
the  mean  ±  standard  error  of  the  mean  of  two  to  four  experiments. 

Competing  drug  IC»> 

Untreated  Dithiothreitol - 

treated 

nM 


Dihydro-fl-eryhiroidine  215  *  39  214  ±  31 

cf-Tubocuranne  .38.000  ±  2,500  25,300  X  5.800 

Hexamethomum  630.000  X  60,000  530,000  ±  30,000 

Cytisine  5.0  x  0. 1  7.3  ±  0.3 


Table  3 

Effect  of  nicotinic  cholinergic  agonist  pretreatment  on  the  reduction 
of  disulfide  bonds  by  dithiothreitol  in  rat  cerebral  cortex 
Cortical  homogenates  were  incubated  in  the  presence  or  absence  of 
100  pM  acetylcholine  (in  the  presence  of  100  pM  DFP)  or  100  pM  (-)- 
nicotine  for  30  min  at  0°.  Subsequently,  1  tom  dithiothreitol  was  added 
and  the  total  mixture  was  incubated  for  an  additional  30  min  at  0°  (pH 
8.5).  The  reaction  was  terminated  by  dilution  with  cold  buffer,  and  the 
homogenates  were  washed  two  times.  [1H)Acetylcboline  binding  (10 
nM)  was  assayed  in  the  washed  homogenates  as  described  in  the  text. 
Control  binding  -  1 .8 1  ±  0.22  pmoles/g  of  tissue.  The  data  are  expressed 
as  the  mean  ±  standard  error  of  the  mean  of  three  experiments. 


Pretreatment 

%  of  control 

'Control 

100  ±  12.2 

A. 

l  mM  dithiothreitol 

40.7  ±  4.6* 

B. 

100  pM  acetylcholine 

99  2  X  8.9 

C. 

100  pM  (-)-nicotine 

106.6  ±  5.6 

D 

100  pM  acetylcholine  +  1  mM  dithiothreitol 

32.5  ±2.1* 

E 

100 pM  (-)-nicotine  +■  1  mM  dithiothreitol 

43.0  ±  4.5* 

•  p  <  0.01  compared  with  control. 
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TABLE  4  Effect  of  repeated  DFP  administration  (10 
days)  on  [}H]ACh  binding  to  nicotinic  sites  in 
several  areas  of  rat  brain 


Specific  binding  (pmol/g  tissue) 


Brain  area 
Cerebral  cortex 
Thalamus 
Striatum 
Hypothalamus 


Control 


2.2  ±  0.06 

03) 

3.2  ±  0.17 

(9) 

2.2  ±  0.07 

(6) 

0.72  ±  0.07 

(4) 


DFP 


1.7  ±  0.08* 

(11) 

2.6  ±  0.1 8h 
(10) 

1.5  ±  0.05* 

(5) 

0.45  ±  0.06k 

(4) 


Nicotinic  sites  were  assayed  using  10  nM  [3H]ACh  as  described 
in  the  text.  Cholinesterase  activity  was  inhibited  in  the  DFP- 
t rested  rats  by  -82%.  The  data  are  expressed  as  means  ±  SEM  for 
the  number  of  animals  indicated  in  parentheses.  Data  for  cerebral 
cortex  are  from  reference  15  and  are  presented  here  for  purposes 
of  compairson. 

*p<0.01  compared  with  control. 

^<0.05  compared  with  control. 


TABLE  5  Effect  of  repeated  nicotine  administration  1 1  mg  kg  twice 
daily  for  10  days i  on  l‘ HI ACh  binding  to  nicotinic  sites  and  I'H/QNB 
to  muscarinic  sites  in  several  areas  of  rat  brain 


Specific  binding  (pmol.'g  tissue) 
I’HlACh  I'HIQNB 


Brain  area 
Cerebral  cortex 
Thalamus 
Striatum 
Hypothalamus 


Control 

Nicotine 

Control 

Nicotine 

2.0  -  0  04 

2.5  -  0.06“ 

74.7  *  1.5 

74.5  -  2.2 

(10) 

(10) 

(4) 

(4) 

3.6  -  0.11 

4  6  *  0.17" 

41.4  i  1.4 

39.5  ±  3.3 

(0) 

(8) 

(5) 

(51 

2.1  -  0  05 

2.5  -  0.24" 

86.3  i  2.3 

91.3  i  3.0 

(161 

(15) 

(5) 

(5) 

0  67  i  0.0* 

0.92  -  0.07“ 

— 

— 

(7) 

(8) 

Nicotinic  sites  were  assayed  using  10  n M  ('H)ACh  in  each  area.  Muscarinic 
sues  were  assayed  using  0.6  nM  (’H1QNB  tn  the  cortex  and  thalamus  and  0.2 
nM  in  the  striatum.  The  data  are  means  ±  SEM  for  the  number  of  rats  indicated 
in  parentheses. 

»  p  <  0.01  compared  with  control. 


TABLE  6  .t.ffeet  a/  repented  nicotine  administration  on  density 
iB and  ui Unity  <K„t  at /' HjACh  binding  sites  in  three  areas  of 

rat  brain 


ipmol  g  tissue)  Ka  ( n.l/l 


Brum  urett  Comrol  Nicotine  Control  Nicotine 


C’erehral  cortex  4.1=0.31  5.3  =  0.11“  8.3  =  0.90  8.0-0.47 

Thalamus  b.  9  =  t).f>3  9  0  =  0.31“  4.1  x  1.0  10.9  =  1.4 

Striatum  4.0  =  0.33  'b.4  =  0.40“  10b  -  2.0  U.l  =  1.8 


Brain  homogenates  were  prepared  from  rats  that  were  injected  twice  daily  for 
10  days  with  i  -  )-mcoiine  1 1  mg'kg  s.c.).  The  homogenates  were  incubated  with 
|'H|ACh  (2.5  —  30.0  n\f)  at  (TC  for  40  min  as  described  in  the  text.  The  data  are 
expressed  as  means  =  SEM  for  four  experiments. 

“  p  '  0.05  compared  with  control. 


I  HDIX 

nicotinic  agonists 
nicotine  on 


■  to  I  is  o. 


I'cuicu  aaministration  of 
and  antagonists  and  a  metabolite  of 

.4  f'  L  L :  „  .i  J 


Drug  treatment 

Specific  binding 
ipmol/g  tissue) 

\ 

Control 

Nicotine 

Cotjnme 

Cvtism 

1 

2.1  =  0  05 

2  9  x  0.(0" 

2.1  x  O  il 

2  b  x  0  09" 

Control 

Dihydro-p-crythroidine 

Nicotine 

Dihydro-fJ-ervthroidine  e  nicotine 

2.3  .x  0.07 

2.2  x  0  09 

2.9  x  0  06" 

3.0  X  0.09" 

Control 

Mecamylainme 

Nicotine 

Mecamylamine  e  nicotine 

1.3  x  0.04 

1.5  x  0  12 

1.6  x  0.07" 

1.6  ±  0.06" 

Control 

Mecamylamine 

16  X  0.10 

1.7  x  0.09 

A  Rats  were  injected  twice  daily  Tor  10  days  with  ( -  (-nicotine  (I  mg/ 

B  Ld  r  e  'qu'mo,ar  dos'5  (*  amofCg)  of  ( -  Xotinine  or  ( -  )*yuun 
®, and  C0Rs  werc  injected  twice  daily  for  10  days  with  the  antagonists 
dihydro-S-erythroidine  (I  mg/kg)  or  mecamylamine  (I  mg/ltg),  with  nic- 
otnw  1 1  mg/ltg).  or  With  a  combination  of  one  oT  the  antagonists  follow!* 
20  mm  later  by  nicotine.  D:  Rats  were  injected  twice  daily  for  14  days 

Ts  ngTlTnM  ^  Sf0**  bindin«  5i,es 

using  7  o  n M  |  HlACh  Data  are  the  means  ±  SEM  from  six  to  eight 
rats.  Tissues  from  each  drug  treatment  group  were  assayed  together  in 
parallel  with  the  indicated  control  group. 

"  P  <  0  .05  compared  with  control . 
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Fig.  1.  Scatchard  analysis  of  [  'H /acetylcholine  binding  in  dithi 
nthreilol  treated  cerebral  cortex 

Cortical  homogenates  were  incubated  with  0.3,  1.0,  or  3.0  din  dithi- 
othreitol  ( DTT )  for  .30  min  at  0°  (pH  8.5).  The  reactions  were  termi¬ 
nated  by  dilution  with  cold  buffer  and  centrifugation  at  49,000  x  g  for 
10  mm.  The  treated  homogenates  were  then  prepared  for  the  f’H] 
acetylcholine  binding  assay  as  described  in  the  text  using  2.5-30.0  nM 
( 'H  [acetylcholine.  The  scatchard  plots  are  representative  of  2-7  exper¬ 
iments  The  Kn  and  B™.  were  determined  by  least-squares  linear 
regression.  The  B™,  value  for  the  control  was  3,7  ±  0.2  pmoles/g  of 
tissue.  Pretreatment  with  0.3,  1.0,  and  3.0  mM  dithiothreitol  decreased 
the  values  to  1.8  ±  0.2,  1.3  ±  0.2,  and  0.7  ±  0.1  pmoles/g  of  tissue, 
respectively.  The  Ku  value  for  the  control  was  11.1  ±  1.3  nM.  The  Kd 
values  following  pretreatment  with  0.3,  1.0,  and  3.0  mM  dithiothreitol 
were  11.4  ±  1.8,  12.1  ±  1.2,  and  13.6  ±  2.6  nM,  respectively. 
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Kd 

(run) 


O'— 0  control  10. Oil 


Bmax 

(pnol/g  tissue) 
4.1i0.2 


<  DFP  11.610.5  3 .2i0 .2 


S  03- 
e 

"  "V 


0  t  2  3  4  5 

BOUND  fprnoi  /g  tissue) 

^8  ’  ^  Scatchard  plots  of  (3H]ACh  binding  in  cerebral  cortex 
from  rats  administered  DFP  for  10  days.  Cortical  homoge¬ 
nates  were  prepared  from  control  rats  and  from  rats  that 
were  iniected  with  DFP  as  described  in  the  text.  The  homog¬ 
enates  were  incubated  with  varying  concentrations  of 
pHJACh  (2  5-30.0  nW).  Each  point  represents  the  mean 
;  SEM  of  the  abscissa  and  ordinate  coordinates  for  four  ex¬ 
periments.  The  Bmv  values  of  the  DFP  and  control  groups 
are  significantly  different  (p  <  0.05) 
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v» «  "cuiinem 


Fig  .  3  7, me  course  of  the  effects  of  repeated  nicotine  ad¬ 
ministration  on  (3H)ACh  binding  in  rat  cerebral  cortex  Cor¬ 
tical  homogenates  were  prepared  from  rats  that  were  in¬ 
jected  twice  daily  with  (  -  )-mcotine  ( 1  mg/kg)  for  the  number 
of  days  indicated  The  rats  were  killed  18  h  after  the  last 

'n!.e e*CB? '  'h0Se  'n  the  '  recovery  '  group,  which  were 
killed  7  days  after  the  last  injection.  [3H]ACh  binding  (to  nM) 
was  assayed  as  described  in  the  text  and  is  plotted  as  a 
PC  °f  COn,ro'  blnd,n9  Data  are  expressed  as  means 

-  SEM  ,or  6-14  rats  Control  binding  was  2  2  *  0.1  pmol/ 
9  P  <  005  "p  <  0  01  compared  with  control-  **p 

<  0.05  compared  with  the  10-day  treatment  group  that  was 
Killed  18  h  after  the  last  injection 
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